The recent initiative by several European hydraulic research and engineering institutes to start producing validation documents for computational modeling software is described. These documents are to contain claims about model applicability and accuracy, together with the available evidence for those claims. A brief discussion of recent literature on general aspects of model validation is included. We view model validation as a process of formulating and substantiating claims about model applicability and accuracy. This involves a broad range of activities: theoretical analysis of model assumptions, numerical analysis of discretization techniques, computational experiments on hypothetical test cases, comparisons between model results and laboratory measurements, case studies involving eld applications, etc. A description and classi cation of distinct aspects of the validation process is introduced; terminology is carefully de ned and included in a glossary.
Introduction
This article describes the approach to model validation which has been developed and is currently being implemented by a number of European hydraulic research and engineering institutes IAHR Bulletin, 1994] . This approach is aimed at the production of validation documents, containing explicit statements about model applicability and limitations, and about the accuracy of computational results, as well as descriptions of the available evidence for those statements. The information will be organized within the documents according to a rigorous framework, which we describe in this article. A validation document will serve as a record of ongoing validation activities for a particular model; it will be a`living' document that matures along with the model itself. The European labs have been motivated to take steps in this direction for a number of reasons. First of all, it is likely that the demand for software quality assurance in the hydraulic research industry will soon extend beyond mere software engineering aspects and include considerably more di cult issues related to model validity.
With the increasing complexity of computational studies and their potential impact on society, relevant questions are: In which situations can a particular model be justi ably applied, and how well do computational results represent the actual physics? To what extent has this been tested? What are the estimated accuracies of predictions, and what is the basis for these estimates? Which are the inherent uncertainties in model calculations and how can they be controlled? What has been done to ensure that the model represents the state of the art in conceptual understanding, numerical implementation, as well as software engineering? Furthermore, the labs have noted (and inevitably participate in) a growing tendency to package simulation models in sophisticated information systems. This tendency is due to the requirement that many di erent types of knowledge must be integrated in order to e ectively tackle some of today's complex technological problems, and this is made possible by rapid advances in information technology. The users of these information systems should not have to be experts in the various disciplines represented by the simulation models, and therefore many of the inherent intricacies and uncertainties tend to be kept out of sight. Those labs that consider modeling a core activity involving large investments of manpower and expertise have a great deal at stake in protecting these investments, by attempting to show explicitly what they have done to ensure the quality of their computational models. Validation documents will surely interest those who are concerned with modeling in general and with the assessment and control of computational accuracy in particular. However | and this is what we hope to stress in this article | the framework upon which the document guidelines are based is in itself a useful tool. To begin with, the framework departs from a clearly de ned notion of the term validation, which we will discuss in some detail below. Further, the framework identi es different and distinct aspects of validation, and requires explicit speci cation of both purpose and conclusions for each validation activity. Although such a requirement may seem self-evident, in practice it is often not met.
Computational models
In the following paragraphs we brie y outline the scope of this article while introducing some useful terminology. Bold-faced expressions are collected in a glossary.
We use the term computational model to denote software whose main function is to represent natural systems, and to predict certain aspects of the behavior of these systems. A prediction is a statement about a (potentially) observable quantity or event. The usefulness of such a statement is questionable in the absence of information about accuracy. This is re ected by the following, more restrictive de nition of the term`prediction ' Hodges and Dewar, 1992] : a statement about a potentially observable quantity or event, supplemented with a claim about the accuracy of the statement as well as with an argument that backs up the claim. This de nition explicitly connects prediction with validation.
Generic models should be distinguished from site-speci c models Konikow and Bredehoeft, 1992] . The former can be con gured for di erent natural systems, provided that the same types of processes are relevant to the modeling purpose. Sitespeci c models, on the other hand, are dedicated to a speci c site and/or situation. They are often derived from generic model components combined with site-speci c information such as topographic or other geometric data, empirical parameters, and boundary conditions. Computational models tend to evolve into complex software systems comprising many tools and sources of information. A complete system may contain components for grid generation, data quality checking, data assimilation, a geographical data base, and many other important functions and data. All of these can a ect the technical quality of results. A simple example is a visualization routine which provides suggestive or even distorted representations. More interestingly, access to di erent sources of information (e.g., by means of data assimilation) can improve the accuracy of model predictions.
Yet the heart of the system is provided by the computational core: the minimal subset of the software which is needed to retain its functionality with respect to modeling natural processes. The remainder of this article therefore concerns the validation process as it pertains to the computational core of a generic model component; we do not address other software components, nor do we discuss important processes associated with site-speci c models such as data acquisition and model calibration.
A pragmatic view on model validation
The present volume contains articles on many aspects of the validation of coastal and estuarine circulation models. Model validation has received a great deal of attention in computational science and engineering, perhaps most notably in the areas of ground-water modeling and nuclear waste-disposal simulation Jackson et al., 1992; Tsang, 1991; Voss, 1990] . In coastal modeling, the term`validation' is often associated with`establishing the agreement between predictions and observations', as opposed to`veri cation', which tends to be used in the sense of`checking that the mathematical equations are being solved correctly' GESAMP, 1991, Chapter 6]. Usage of this terminology is by no means consistent, nor is it generally accepted in other elds. Oreskes et al. 1994] assert that the terms`validation' and`veri cation' tend to be used inappropriately in the modeling literature, and propose that a di erent terminology should be developed altogether. Similar statements were made by Konikow and Bredehoeft 1992] in the speci c context of ground-water modeling. The authors of both articles point out that`validation' is often tacitly associated with`authentication of truth and accuracy', and that models of natural systems cannot be validated in this sense.
Putting semantics aside for the moment, there is no disagreement about the usefulness of activities which are aimed at generating insight into the predictive skill of computational models | even if these activities may only be partly successful. For now we will simply include all such endeavors in a process called`model validation', recognizing that a constructive approach to this process requires not a binary criterion (true or false, valid or invalid) but rather a continuous one Hassanizadeh and Carrera, 1992] . After all, there is a di erence between a model which has passed extensive testing and a second, untested model. One might say that the rst has accrued validity ' Hodges and Dewar, 1992] whereas the second has not. Oreskes et al. 1994 ] advocate use of the term`con rmation', which is a matter of degree, rather than`validation'. Model validation is a regulatory as well as a scienti c issue Anderson and Woessner, 1992] . Those who are ultimately most concerned with the quality of the results of a computational modeling study are the end-users of those results. The users, rather than the modelers themselves, will eventually dictate what it takes for them to be convinced that a computational modeling study is in fact worthwhile. Validation should therefore be aimed at producing arguments and evidence that justify the use of the model in a particular situation, and at providing well-founded information about the expected accuracy of model predictions. In line with the foregoing remarks, we propose the following de nition:
validation of a computational model is the process of formulating and substantiating explicit claims about the applicability and accuracy of computational results, with reference to the intended purposes of the model as well as to the natural system it represents.
In this interpretation, the validation process encompasses a wide range of activities aimed at providing the kind of information required in order to make a computational result meaningful; cf. the restrictive de nition of`prediction' mentioned earlier. A developer who`sells' his computational results to a user has reasons for believing in their value; after all, he has taken great pains to incorporate his knowledge and expertise into the model. Validation is the process of making these reasons explicit and backing them up with evidence. Theoretical analysis is an indispensable aspect of this process. It is necessary to explicitly identify model assumptions and approximations, and to state the general conditions under which the assumptions are valid and the approximations viable. Claims about model accuracy which are based on comparing model results with measurements are inherently limited in scope, since they strictly apply only to the speci c type of situation that the measurements pertain to. One can only hope to enlarge this scope by using arguments based on properties of the theory and implementation techniques that form the basis for the model. Hassanizadeh and Carrera 1992] illustrate this point very well by means of a simple but enlightening example; see also Nir et al. 1992 ].
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The statement:`a model has been validated' does not imply that the model is correct, nor that it deserves some kind of stamp of approval. Rather, it signi es that the model has been subject to a variety of validation activities; that the results of these activities are available in the form of explicitly stated claims about the quality of model results; that the substantiations of these claims have been thorough; and that the evidence upon which substantiations are based can withstand scrutiny.
Classi cation of the validation process
The view on validation just presented is rather broad: it entails all activities that lead to the substantiation of claims about model applicability and accuracy of results. This includes, for instance: theoretical analysis of model assumptions, numerical analysis of discretization techniques, computational experiments on hypothetical test cases, comparisons between model results and laboratory measurements, case studies involving eld applications, etc. The articles in this volume provide an excellent illustration of the diversity of ideas and techniques that play a role in model validation. However, in order to take advantage of the enormous amount of information generated from all these di erent activities, some kind of order needs to be imposed. One would like to have a complete overview of what is known as well as unknown about the validity of a particular computational model, an accessible record of what has been tested and how, and a clear presentation of the various arguments that have been used in order to arrive at certain choices and conclusions. Order in the validation process can only be created if the purpose and result of each individual validation activity is clearly stated. The complexity of models is such that it is easy to get confused about this. Consider, as a simple example, a computational experiment that shows a known analytic solution of the model equations to be reproduced on the computer to within a certain accuracy. Any conclusions that can be drawn from such an experiment are restricted to the quality of the numerical method only | that is, the accuracy with which the numerical method approximates the model equations. The experiment does not say anything about the validity of the model equations themselves. While this may seem selfevident, it is by no means uncommon to see`model validation' equated with such an experiment. Another example, only slightly more subtle, is the following. Imagine a modeller who proposes that sediment transport in a channel should be proportional to a certain positive power of the ow speed. He therefore introduces a term in the model equations to account for this type of ow-dependent transport. Subsequently a computational experiment is performed which shows that, indeed, sediment transport increases with ow speed in a manner which is consistent with his proposal. This modeller has then succeeded in showing that certain aspects of his model have been correctly implemented, but he is not entitled to claim the validity of the model itself on the basis of this type of experiment. Again, this is a rather trivial example of a aw in reasoning which often occurs in other, less obvious forms. The top level of the gure denotes the natural system: a collection of physical/chemical/biological phenomena or processes deemed relevant to the modeling purpose. This is the reference level for validation; ultimately one would like to explain as precisely as possible the relationship between it and the model computations. The rst step in modeling consists of de ning the natural system: a characterization of the geometry (a shallow basin), the medium (salt water), objects present in the system (oil platforms), processes and phenomena included (large-scale ow, wave-current interaction, turbulence) and excluded (e.g., thermodynamic processes), the interfaces with the system's environment (wind stress at the surface, tidal conditions at the boundary). Important choices are made in this step in order to arrive at a perception of a problem or a situation that lends itself to formalization and modeling | even before it is clear how to go about it. The system can be regarded as an input-output system, meaning that a particular realization of input data (geometric con guration, bottom roughness, tidal and meteorological conditions, etc.) will provoke a certain response (the behavior of the system) expressed in terms of potentially observable output (water levels, salinity, etc.) Formalization of this input-output relationship leads to the second level of representation, for which we use the term conceptual model. This involves the introduction of model variables, assumptions about their interrelationships, hypotheses about the behavior of the system, etc. A conceptual model may take the form of an initial-boundary value problem for a system of di erential equations, but it may also involve other mathematical (e.g. stochastic), logical (dependency diagrams), or even verbal types of formulations.
Next, the conceptual model must be converted into an algorithmic implementation: a nite set of rules or procedures suitable for computation. This may involve spatial discretization schemes, time integration methods, solution procedures for algebraic equations, decision algorithms, etc. The entire model problem | including input and output | is transformed to a nite-dimensional representation. Finally the algorithmic implementation must be converted into computer code, the software implementation; this involves the design and implementation of data structures, coding of algorithms, linkage with existing code libraries, etc. The actual development process of computational models does not, of course, correspond to the step-by-step approach just described. Nor is such a rigorous separation of the di erent levels of representation typical, for example, in technical model descriptions. A weakly re ecting out ow boundary condition may be presented as a numerical device for suppressing spurious waves, where in fact there is a deeper reason for it which has to do with conceptual modeling on a nite domain. In any case, given a particular aspect or feature of a computational model it is always possible | and, for validation purposes, very useful | to describe it rigorously in terms of the levels of representation indicated here. The assumptions and approximations introduced into a conceptual model | independent of the algorithmic implementation | largely determine the domain of applicability of a computational model. For example, a shallow-water assumption in a hydrodynamic model imposes certain limitations on the spatial variability of bottom topography (input data), on the type of ow circulation in the vertical direction that can be modeled (system behavior), and on the attainable accuracy of water levels (output data).
The objective of conceptual validation is to formulate and substantiate claims about the validity of the conceptual model | that is, to make explicit the consequences of the choices involved in formulating the model. One would like to know: which conditions have to be satis ed by the input data; how does the behavior of the conceptual model di er from the behavior of the natural system; what can be said about the accuracy of the output. Clearly, conceptual validation strongly relies on theoretical analysis of model concepts. Approximations and simpli cations introduced into the algorithmic implementation of a conceptual model further a ect model applicability and computational accuracy. The objective of algorithmic validation is to establish the extent to which the algorithmic implementation in fact represents the conceptual model. For example, one would like to show integral accuracy properties of model solutions (mass conservation, invariance with respect to grid rotation), or to state relationships between algorithmic parameters (grid characteristics, timestep, smoothing parameters) and local accuracy properties (phase errors, arti cial dissipation). Algorithmic validation relies on theoretical analysis as well as on computational experiments, e.g., based on known analytic solutions of the conceptual model equations. Coding of algorithms should not introduce signi cant sources of error into the computational results; to claim that this is the case requires justi cation. Software validation includes all activities which build con dence in the quality of the software implementation, particularly its correctness with respect to the algorithmic implementation. Aspects of software quality include: code portability, standardization of input/output interfaces, e ciency, error handling mechanisms, maintainability, etc. Software engineering choices which a ect these items must be identi ed in order to support claims about the quality of the software implementation. Analysis and validation of separate modeling steps will not provide su cient material for assessing computational accuracy of a state-of-the-art computational model, at least not for realistic applications. Such a model generally incorporates theories and implementation techniques for which the answers to many of the questions addressed by conceptual and algorithmic validation are not su ciently quanti able, In fact, many useful validation studies do not refer at all to the way in which a model is put together, but rather regard it as a`black box': an input-output function which presumably represents a natural system. One can show by means of computational experiments whether or not a model is able to reproduce certain physical behavior, and by comparing with observational evidence it is sometimes possible to estimate model accuracy. In this way, claims about the functionality of the computational model can be formulated and substantiated; we call this functional validation. 
Validation documents
The view on model validation and classi cation of validation activities presented in this article provide the foundation for the validation documents that the European hydraulic research and engineering institutes, alluded to at the beginning of this article, are now beginning to produce for some of their software products. These institutes have jointly developed and agreed to apply a set of guidelines for the production of validation documents IAHR Bulletin, 1994] . The guidelines, published by the International Association for Hydraulic Research Dee, 1994] , contain speci c requirements regarding contents and format of validation documents. A validation document for a particular computational model supplements technical reference documents; it is intended to provide an overview of the extent to which a particular computational model has been tested. In particular, it contains the assumptions and approximations that were made during the design and implementation of the model; the claims about model applicability and accuracy which the developers are willing to make; statements pointing to the available evidence for each claim, contained within the document and/or in explicitly referenced reports and publications. This information is presented in separate sections on conceptual validation, algorithmic validation, software validation, and functional validation. The document contains brief summaries of validation studies, each of which includes a description of purpose, approach, and the main results of the study. Validation studies must be reproducible; they may involve case studies, theoretical analysis, comparisons with measurements, comparisons with other models, etc. The guidelines require a validation document to be consistent with the latest release of the software.
Concluding remarks
The pragmatic view of model validation we presented is that of a process of justication and assessment, of`building a case' for the model. Serious model developers generally do analyze and thoroughly test many aspects of their models, but often fail to formulate the conclusions in such a way that they are accessible and useful to others. Hence the appearance of the phrase`formulating and substantiating explicit claims' in our de nition of`validation', and the introduction of a simple classi cation of the validation process. The guidelines for validation documents, brie y outlined in the previous section, provide a useful framework for organizing and presenting available information about model validity. They require the producers to be clear and explicit about the purpose of each validation activity and about the conclusions that they feel can be drawn from it. In some cases, the resulting claims may be debatable; however, the guidelines require the basis for the claims to be clearly identi ed. Users can therefore judge the strength of the arguments for themselves.
